Abstract: Swash zone topography rapidly responds to the surf zone waves. Understanding how sandy beaches respond to wave action is critical for beach erosion research, and plays a critical role in the design and maintenance of shore protection structures. The main objectives of this study were to detect the relationship between high-frequency beachface oscillations and surf zone wave characteristics under plunging breakers by using Canonical Correlation Analysis (CCA). The study site is located in Houjiangwan Bay, eastern Guangdong. Topography data were sampled at 6 min intervals. The wave characteristic parameters were calculated by spectrum method. During the eld work, the beach showed a re ective state and plunging breakers controlled the surf zone. The beach cusp topography was destructed gradually. The analysis provides 4 canonical correlation processes between the beachface variations and surf zone waves, which explained 95.28% of the overall variation in the data. The result shows wave steepness, the irregularity factor and spectral broadness factor had strong impacts on the topography. The wave steepness was the most important factor for beach pro le variations. The results of the present study indicate that data-driven statistical analysis, such as CCA, is useful for analyzing pro le response to waves if there is strong correlation between the two variables (beach pro les and wave).
Introduction
The swash zone is the boundary between the inner surf zone and subaerial beach areas intermittently covered by water and exposed to wave action. The inner surf zone is the surf subsection closest to the shoreline and can be considered as the transition boundary between the wave breaking area and the swash zone [1] . The inner surf zone and the swash zone form the last beach area where waves dissipate or re ect their remaining energy after travelling from the open sea towards the shore [2] . They are characterized by strong unsteady ows, high turbulence levels, large sediment transport rates and rapid morphological changes [1] .The swash action on the beachface consists of two phases: uprush (onshore ow) and backwash (o shore ow). The swash action can move beach materials up and down the beach, which results in the crossshore sediment exchange and beach pro le change. Swash zone processes are of considerable importance in determining the susceptibility of coastal properties to wave induced erosion [3] [4] [5] , and play a critical role in the design and maintenance of shore protection structures [6] .
Since this environment is a part of the constantly changing section of the beach pro le, understanding the swash zone topography changes is vital for revealing the beach pro le responses to surf zone hydrodynamics. Previous studies on beach-pro le changes have focused on changes measured at longer temporal intervals of weeks, days, or hours [7] . However, the time-scale of swash motion varies from seconds to minutes as well. Only several previously published studies focused on high-frequency changes, which include changes measured at intervals approaching the swash period. Waddell measured sediment level at two locations in the upper half of the swash zone after the backwash of each wave [8] . He found signi cant oscillations of sediment level with periods of 40 seconds and longer and presented evidence that the sediment-level oscillations had some characteristics of sand waves. Dis-cussing the same data, Waddell hypothesized that the bed oscillations were caused by ground-water oscillations of the same frequency [7] . Using the same method as Waddell [7] , Sallenger and Richmond [9] found the period of oscillation ranged from between 6 and 15 minutes and decreased landward across the swash zone. They observed that sediment-level oscillations were di erent than sand waves or other swash-zone bed forms previously described. Li et al. [10] and Li and Chen [11] conducted a similar eld experiment at a beach cusp using 1-minute and 6-minute interval sampling periods. They found the daily beachface oscillation tended to correlate with the tides, while the topography oscillations diminished behind the tidal changes. Beach changes at the beach cusp horn were more complex than that of the beach cusp bay.
Studies conducted by Waddell [7] , Sallenger and Richmond [9] , Li et al. [10] , Li and Chen [11] used the mean values (sediment-level heights, wave heights, and periods) to describe links between wave characteristics and beachface topography changes. Their data analyzing methods omit some important information about how the beach behaves as well as the e ects of waves. The interaction between waves and beach pro le responses in the nearshore is a highly complicated phenomenon and is characterized by a wide range of spatial and temporal scales [12, 13] . It is often di cult to derive simple, deterministic equations or models to describe the relationship between the waves and the pro les, except in well-de ned situations when a few processes control the pro le response [14] . Thus, there is a need to employ sophisticated statistical models that reveal the links between the two physical processes. Canonical correlation analysis (CCA) is one such advanced statistical technique that can be used to determine dominant patterns of covariability in two data sets and their relationship [14] . This study will investigate relationships between high-frequency swash zone oscillations and wave characteristics in the inner surf zone using CCA.
Field site and data collection . Field site
The Houjiangwan beach, located on the eastern Gaungdong coast, is a headland beach in Jieshi Bay (Figure 1 ). The beach is formed by a 6 km long tombolo between the Shigongliao cape and Zhelang cape. The width of the tombolo is 100~300 m. The beach faces east and is exposed to high energy waves from the South China Sea and locally generated wind-waves, with an annual average wave height and wave period of 1.4 m and 4.0 s, respectively [15] . The beach has a micro-tidal beach with semi-diurnal tidal regime and a mean spring range of 0.8m.The intertidal beach of the surveyed section is relatively steep with a gradient of around 0.085 and the beach is composed of medium quartz sand (D ≈0.328 mm). The surf zone of Houjiangwan beach is very narrow and is composed of active bar-trough systems. The depth of the trough ranges from 0.5 to 1 m with incident waves breaking near the shoreline. During the eld surveys, it was observed that this beachface is typically characterized by pronounced beach cusp and berm morphologies. The beach is a typical wave dominated beach and exhibits re ective or intermediate beach states. 
. Data collection
The eld experiment was conducted from 6:40 am to 17:40 pm on 13th October, 2003. During the experiment, inci-dent waves were dominantly of the swell type which came from the NNE direction with wind speeds that were low from10:30 am to 16:00 pm. Due to di erent heat capacities of the land and ocean, signi cant sea breezes(onshore) and land breezes(o shore)occurred in the morning and evening, respectively. In the morning, the sea breeze generated wave component, driven by the local onshore winds, was pronounced.
Wave surface data were collected by a S4ADW wave gauge deployed in the inner surf trough with a sampling frequency of 2 Hz. The wave gauge had a 10 m distance from the shoreline (Figure 1) .
In order to collect the swash zone sediment-level oscillations, two transects were established across the beachface, with a spacing of 3.0 m. Transects were located in the beach cusp horn (A) and embayment (B) respectively (Figure 1) . The spacing between the two transects was 10.0 m (So the cusp spacing was approximate 20.0 m). Both transects consisted of 3 steel pegs (10 mm diameter and 1.2 m in length) which were inserted approximately 0.8 m into the sediment (cf. [9, [17] [18] [19] ).
The height of the exposed pegs was manually measured every 6 min for the duration of the eld experiment. Two person synchronously measured peg heights in the horn and embayment, respectively. One person recorded the peg-height data and time. Persons measuring stakes were careful to stand as far as possible away from the stakes. Scour holes caused by persons standing in the swash did not extend to the pegs (cf. [9, 17] ). The pegs were of su ciently small diameter, 10mm, to prevent signi cant scour around themselves. During our experiment, peg heights were measured after a backwash when the swash zone was subaerial. Because the tide range was small, signi cant swashes reached the highest pegs during the entire experiment. Although the diurnal tide range for the area is 1.6 m, the range from low to high tide on the day of our experiment was 0.6 m. We also made an accuracy test by taking repeated measurements as in Sallenger [16] , Masselink et al. [18] . The accuracy of the technique was ±2 mm in the upper swash zone (A2, A3, B2, B3). In the lower swash zone measurements needed to be made rapidly and the base plate tended to sink into the bed more than in the upper swash zone causing the accuracy to be about ±3 mm. The accuracy of this technique was su cient to determine the foreshore morphology variations.
Data processing and analysis method . Sediment-level data processing
Heights of the exposed pegs minus the rst measured height value (namely, the initial elevation was regarded as 0), gave variations in the heights of the exposed steel pegs. Taking their opposite numbers, we identi ed the swash zone sediment-level oscillation processes ( Figure 2 ). 
. Wave data processing
Previous researchers mainly analyzed relationships between the sediment-level height variation and timedomain wave parameters (average or signi cant height, period, etc.). The surf zone shows strong nonlinear characteristics. It is insu cient to understand and describe the behavior of beach processes just from the average wave parameters. Using the wave spectrum method, researchers can describe the internal energy structure of waves from their frequency domain and can also give the same average wave parameters. The wave spectrum is a very useful method for surf zone studies [20] [21] [22] [23] .
Wave surface recorders sampled by the S4ADW were separated into 110 segments corresponding to the sediment-level height sampling intervals. Essentially, each segment contained 6 min wave surface recorders. Then, the trends of water levels were removed from individual segments. Surface elevation spectra were computed, using the fast Fourier transformation, from pressure records and corrected for frequency dependent depth attenuation using linear wave theory over the frequency range 0-0.5 Hz. The corrected function is:
where z is the depth of submergence of the pressure sensor, Kz is the wave number, d is the water depth, sp (f ) is the wave pressure spectrum and s (f ) is the wave surface spectrum. Due to ampli cation of noise at high frequencies, an upper limit frequency cut-o was determined as [24] :
where g is the acceleration due to gravity. Then several wave parameters were obtained from the spectral analysis [25, 26] : -signi cant wave height:
-mean wave period
-spectral width factor
-peakness factor
-wave steepness:
-peak period
-wave irregularity factor
-spectral narrowness factor
-groupiness parameter
mn is the nth order spectral moment, given by mn = ∞ f n s(f )df ; n=0, 1, 2. . . (12) The wave skewness was computed according to the relation given by Grasso et al. [27] .
where η is wave surface height. The wave breaking type has in uence on the beach sediment transportation and topography variation [28, 29] . The wave breaking types may be parameterized by surf similarity parameter (Iribarren number) [30, 31] :
where L = gT / π, βis the beach slope. For ξ b >2.0, waves do not break but surge up the beachface; for 0.4<ξ b <2.0, plunging waves prevail; and for ξ b <0.4, waves break by spilling [31] . In order to investigate the infragravity wave impacts, the water surface elevation time series were low-pass ltered using Fourier technique and a cut-o frequency of 0.05 Hz. The infragravity-wave heights and periods were estimated from low-pass ltered data using formula (3) and (4). Data were proceed by Matlab soft [32] [33] [34] .
. Data analysis method
Field surveys yielded a sediment-level oscillation data matrix of 6×110 and a corresponding wave parameters data matrix of 13×110. CCA was then performed to investigate the presence of any patterns that tend to occur simultaneously in the two data sets and any correlating patterns associated with it [35, 36] . CCA, rst introduced by Hotelling (1935) [37] , have been used by coastal researchers to nd patterns in wave and pro le data and to predict the beach pro le response due to waves (e.g. Larson et al. [14] ;Horrillo-Caraballo and Reeve [38] ). CCA has also been used to analyze the evolutionary patterns of multiple longshore bars and the interactions between them [39] .
The main idea is to form a new set of variables from the original two data sets so that the new variables are linear combinations of the old ones and are maximally correlated. If we have two random variables Xand Y of order n × p and n × q respectively and there are correlations among the variables, then CCA will nd linear combinations of the U i and V i which have maximum correlation with each other and zero correlation for di ering indices.
where U i and V i are canonical variates; the columns of pand qcorrespond to variables and the row n corresponds to experimental units. In the present analysis, X is the swash zone sediment-level oscillation matrix and Yis the wave parameters matrix. The statistical P-value can be used to test the signi cance of canonical variate pairs. Usually, the signi cant level is set as P < 0.05. The further details may be found in Różyński [39] , Johnson and Wichern [40] . U i and V i are linear functions, therefore the magnititude of a ip andb iq represent the relative importance ofa factor's in uence on the crosponding canonical variate.
Results

. Hydrodynamics
The hydrodynamic changes observed in thesurfzone can be principally attributed to the progressive addition of obliquely incident, locallygenerated wind waves to the shore-normal, background swell wave eld [19] . Figure 3 is the spectral graphof wave surface spectra. Spectral graphs display incident waves which had a relatively narrow band with signi cant peak of incident swell energy. The wind wavesgenerated by the sea breeze were rst noticeable at approximately 10:00 am with a period of 2.5 s. A small amount of infragravity energy was only present in the early portion of the experiment. The average H m was 0.33 m and the average Tp was 11.0 s. Using the mean value of each segment of wave surface recorders, the tidal water level process is displayed in Figure 
. Swash zone sediment-level oscillation
The swash zone sediment-level oscillation processes are shown in Figure 2 . The sediment-level heights at the same layer have a similar oscillation trend. Except for the heights at A1 and B1, which had a rapidly falling trend at 16:00, most of the heights have positive values. Therefore, Houjiangwan beach was experiencing an accretionary trend during the eld experiment. Corresponding to the tidal level falling, the lower beach (A1 and B1) was eroded drastically at the end of the experiment. Sedimentlevel oscillation variances at the six pegs are 23.75(A1), 18.10(A2), 5.84(A3), 31.44(B1), 7.40(B2), and 4.45(B3), respectively. So the sediment oscillation at the lower beach and beach cusp embayment is more active than at the upper beach and beach cusp horn. Waddell describes the sediment-level oscillation as sand waves that are migrating on to the beachface [8] . Oscillations measured by Waddell [8] had periods on the order of a minute and oscilla-tions measured by Sallenger and Richmond [9] had periods of 6-15 min [8] . In this study periods were not clear or were very long and there is no distinct evidence that showed the sand wave movement in this experiment. Oscillation amplitudes were also larger than that observed by Waddell [8] and Sallenger and Richmond [9] .
The correlation coe cients between the oscillations of the six pegs were calculated (Table 1) . There was a signicant relationship between A1 and B1; A2 and A3, B2, B3; A3 and B2, B3. This indicated that horn divergence occurred on the beachface. Horn divergent swash motion is characterized by the de ection of the wave up-rush from the horn to the embayment. The backwash was concentrated in the embayment while, the sediments were transported from the beach horn to the embayment. (Figure 4j ). Baldock et al. [45] suggested there are generally two approaches to describing swash motions on natural beaches: (1) swash ows resulting from the collapse of high-frequency bores (f>0.05 Hz) on the beachface; and (2) swash ows characterized by standing, low-frequency (f<0.05 Hz) motions [46] . The type of swash motion that is prevalent depends on the incident-wave conditions and the beach morphology, which can be predicted using the surf similarity parameter ε [44] . Values of ε>20 indi- cate dissipative conditions (swash characterized by standing long-wave motion), whereas ε<2.5 is indicative of reective conditions (swash dominated by incident-wave bores) [47] . In this study, ε<1.0, swash processes were mainly driven by incident-wave bores (Figure 4j ).
The surf similarity parameter, ξ b <1.0 (Figure 4o ), indicates plunging breakers dominated in the inner surf zone.
The beach morphodynamic state, swash type, and wave breaking type can clearly describe the dynamic processes. Houjiangwan is a typical re ective beachface where breaking, plunging type waves mainly occur near the shoreline in the inner surf zone. The plunging breaker produced an overturning of the wave [48, 49] . This wave deformation traps air pockets which leads to large quantities of air being entrained [29] . As a result, turbulent aerated bores propagated and dissipated over the beachface from the initial impact point to the maximum extent of run-up. Table 2 ).
. Canonical variates
The rst sample canonical variate pair is
The rst canonical variate pair explained 55.36% of the total variance. According to the coe cients (Table 3) , variables of B2 and B3 are positive values and have the maximum weights in U . The variable coe cient of A2 is positive, while the coe cient of A3 is a very small negative value. Therefore, the rst canonical mode represents the depositional process of the swash zone. Because accretion in the beach cusp embayment was quicker than in the beach cusp horn, and the upper part of the horn had slight erosion, the beach cusp was destructed gradually and the beachface became atter. In the canonical variate of V , variables of wave steepness (Ss), wave irregularity factor (α) and spectral width factor (ε ) have the larger loadings of 359.4263, − . and − . , respectively ( Table 4 ). The cumulative loading contribution percentage of the rst 3 variables reached 90.10%. Among the three coe cients, Ss has a positive coe cient, whilst αand ε have negative coe cients (Table 4) . These show that the steepness factor has a positive correlation with the sediment deposition on the beachface and the wave irregularity factor and the spectral width factor have a negative relationship with onshore sediment transportation.
The second canonical variate pair is
with a 30.10% explanation of the total variances. According to the coe cients (Table 3) , U represents the beachface eroding process. Pegs of A3, B1, A2 eroded more quickly, so the beachface is attened. The wave steepness (Ss), wave irregularity factor (α) and spectral width factor (ε ) also have the larger loadings in V (Table 4). The loading contribution percentage of the three factors reached 85.92%.
The third canonical variate pair is
The third canonical variate pair explained 6.11% of the total variance. In the canonical variate U , variables of A2, A3, B2 and B3 have signi cant loadings with B2 having the largest positive loading (0.5585). Variables of A1, A3, B1 and B2 are positive, while A2 and B3 are negative ( Table 3 ). According to the coe cients, U suggests a process of sediment deposition on the upper portion of the beach cusp while the lower portion of the beach cusp is destructing. The beach cusp had retreated to the upper level of the beachface. In the canonical variate V , H m , Ss, α and have the larger loadings ( Table 4 ). The four factors contributed 82.55% of the total loading. The relationship between wave height (H m ) and water level might give an explanation about this canonical variate pair. Figure 4 shows 
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that wave heights (H m ) and water levels have a strong linear correlation as observed by Thorn and Guza [34] , Wright et al. [42] , Horn [43] , and Masselink and Hegge [18] . Therefore, the third canonical variate pair indicated the beach cusp moved on to the beachface with the water level variations. Coco et al.'s led measurements also found that tides modulate the height and cross-shore position of the beach cusps [50] . Beach cusps extended farther o shore during falling tide and contracting onshore during rising tide.
The fourth third canonical variate pair is 
The fourth mode explained 30.10%of the total variance. In canonical variate U , variables in the beach cusp embayment are positive values (Table 3) . Variables of A2 and A3 are negative, while the variable A1 is a small positive value. These values show that this mode represents the beach cusp eroding. Sediments quickly deposited on the upper part of the beach cusp embayment. In the canonical variate V , Ss, H m and ε contribute 90.04% of the total loading and are signi cant variables (Table 4) .
Discussion
Surf zone hydrodynamics govern swash zone sediment transport and are of considerable importance in determining the susceptibility of coastal properties to wave induced erosion [3] [4] [5] . These factors play a critical role in the design and maintenance of shore protection structures (e.g., van der Meer and Stam [6] ). The prediction of sediment transport due to wave action is of major concern to the coastal scienti c and engineering communities [27] . However, most of the simplest models for predicting sediment uxes are generally based on an "energetic" approach [51] [52] [53] for which the energy expended by steady ows for transporting sediment is proportional to the total dissipation. Topography models are established by an integral method based on sediment transport models. When mean currents have been strong (typically under storm conditions), models based on this assumption (e.g. Thornton [54] ; Gallagher et al. [55] ) have been able to predict observed morphological change with a reasonable degree of accuracy. However, under calm conditions, these same models perform poorly and generally cannot predict onshore sediment movement [55] [56] [57] . Exploring wave characteristics and the sediment transporting relationship is a basic approach to improve the accuracy for modeling. Surf zone waves are complex, nonlinear phenomena. Discussing the relationship between the wave characteristic and sediment transport from time-domain might omit some important information. The spectrum method is a good way to reveal the wave energy structure and can also give the time-domain wave parameters.
Many factors control sediment transport on the beachface and associated beach pro le adjustment, as a response to changes in the wave conditions. Recently, some studies have recognized the wave steepness as a useful parameter to link the wave actions and beach pro le responses for the gravel beach. Sherman [58] studied the daily morphological response of two coarse-gravel (D=5-200 mm and 4-64 mm) beaches over a 10-day period with maximum signi cant wave heights up to 2.5 m and wave periods of 10 to11sec. Wave steepness was found to play the key role in controlling onshore (H /L <0.007) versus o shore (H /L >0.01) sediment transport. Masselink et al. [59] collected morphodynamic data from a negravel beach (D = 2-10 mm) under a range of wave-tide conditions (Hs = 0.5-1 m, Ts = 4-8 s) and highlighted that the upper beach experienced accretion and berm formation during tides with low steepness swell waves (H /L <0.01), and underwent erosion during tides dominated by high steepness wind waves (H /L >0.01). Poate et al. [60] found small intertidal beach volume losses occurred under high steepness waves (H /L >0.01) at a ne gravel barrier (D = 3.5 mm) under energetic wave conditions. During the experiment, Houjiangwan bay was dominated by swells with mean wave heights of 0.33 m and mean peak periods of 11.0 s. The wave steepness ranged from 0.007 to 0.016 with a mean value of 0.0115 (Figure 4d) . Other than the di erence in the sediment size (D =0.328 mm), the study had similar conditions as Masselink et al. [59] . In this paper, the wave steepness accounted for 66.45% of total coe cients in the U1 and it is a signi cant factor in the other canonical variate. This makes the wave steepness a key parameter to describe the sediment-level response to the impact of waves in the swash zone. The wave height is only a relatively larger coefcient in the third canonical variate. This means that the wave steepness is more related to changes in the pro le than the wave height. The results underpin Pedrozo-Acuńa et al.'s hypothesis that greater wave steepness is associated with larger impact pressures on the gravel beach [24] . Pedrozo-Acuńaet al. [29] and Karunarathnan et al. [61, 62] concluded this result indirectly by investigating the relationship between beach pro les and wave empirical probability density functions. In this paper, we arrive at this intuitive conclusion by calculating the wave steepness directly.
The other two important factors are the spectral width factor and wave irregularity factor. Negative signs of the two factors' coe cients hinted at negative feedback between the sediment transport and spectral width factor and wave irregularity factor, i.e. onshore sediment transport will occur under the narrow-spectrum or regular wave (e.g. swells) conditions and o shore sediment transportation will take place under the broad-spectrum or irregular wave conditions (e.g. wind waves and storms).
Beach cusps are rhythmic shoreline features formed by swash action. In this study, pegs were arranged in the beach cusp horn and embayment. The sediment-level oscillations gave a window to investigate the beach cusp morphodynamics. Masselink et al. [18, 19] proposed a threshold to describe the beach cusp development with the surf similarity parameter. When ξ b <1.2, that beach cusp is planed o , whereas cusp morphology is enhanced when ξ b >1•2. In the present study, ξ <1.0, therefore the beach cusps were destructive features. The morphology adjustments were shown in the rst, second and fourth canonical variate pairs. The subsequent 16-day period observation also veri ed this process [63] . Correlation coecients between the oscillations of six pegs (Table 1) showed that horn divergence occurred. The beachface had more accretion on the cusp horn while the beach cusp eroded.
Although many studies have been done, it is currently di cult to derive simple, deterministic equations or models to describe the relationship between the waves and the pro les except in well-de ned situations when a few processes control the pro le response [14] . CCA method provides a way to identify patterns and structures in the data that can be linked to these physical processes. Larson et al. [14] used this method to detect patterns in the wave and pro le data and to predict the pro le response due to waves. Horrillo-Caraballo and Reeve used CCA to investigate the sensitivity of the quality of predictions on the choice of the distribution function used to describe the wave heights [31] . Horrillo-Caraballo and Reeve also used CCA to investigate patterns of beach evolution in the vicinity of a seawall [64] . In addition, Różyński used the CCA method to analyze the evolution patterns of multiple longshore bars and their interactions [39] . All studies show the CCA method is useful for analyzing pro le responses to waves. In the present paper, by analyzing the relationship between swash zone morphology changes and wave parameters, the usefulness of the CCA method is clear. Thus, CCA has a potential advantage in coastal engineering and coastal management for forecasting beach pro le responses to the waves.
Conclusions
In this paper, sediment-level oscillations of the swash zone were surveyed with 6 min intervals on the beach cusp horn and embayment (2 transects with 3 pegs, respectively). The inner surf zone wave parameters were computed using the spectral method. Relationships between the swash zone sediment-level oscillations and inner surf zone wave characteristics were analyzed with the CCA method. The observed transects were with 6 pegs. On the basis of the detailed analysis, the following conclusions are drawn:
1. The beach, Houjiangwan, investigated in the present study was in a re ective state (ε<1.0) during the eld experiment. Plunging breakers prevailed in the surf zone (ξ <1.0). Sediments were transported onshore under the swells and the beach showed accretionary features. The beach cusp was destructed under the swash circulations of horn divergence (ξ <1.0).
2. Using CCA method, 4 signi cant canonical variate pairs are found. Each canonical variate pair was attributed to a speci c process.
